Many common inflammatory disorders are characterized by the infiltration of neutrophils across epithelial lined (mucosal) surfaces resulting in disruption of critical barrier function that protects from microbes and noxious agents. In such conditions, disease symptoms are complex but directly related to leukocyte effects on the barrier and epithelial cell function. It is now highly regarded that cellular factors such as cytokines and receptorligand interactions mediating adhesion of leukocytes to epithelial cells have potent effects on epithelial homeostasis, defined by coordinated proliferation, migration, differentiation, and regulated cell shedding. Certain cytokines, for example, not only alter leukocyte interactions with epithelia through changes in expression of adhesion molecules but also affect barrier function through alterations in the composition and dynamics of intercellular junctions. In particular, inflammation-induced loss of many tight junction molecules, in part, can account for dysregulated cellular proliferation, migration, survival, and barrier function. This review will highlight how neutrophils interact with epithelial cells with particular focus on adhesion molecules involved and signaling events that play roles in regulating mucosal homeostasis and pathobiology. A better understanding of these molecular events may provide new ideas for therapeutics directed at attenuating consequences of pathologic inflammation of mucosal surfaces.
INTRODUCTION
Intestinal homeostasis, which is intimately linked to the regulation of barrier function, is dependent on coordinated control of epithelial cell proliferation, migration, differentiation, and cell turnover. These processes maintain a physical barrier between the gut lumen and the underlying tissues. The epithelium that lines the gut is the primary regulator of barrier function and as such comes in contact with a variety of foreign substances and organisms such as bacteria and viruses that can cause injury upon contact or invasion. Damage to the intestinal epithelium, along with a subsequent cascade of complex inflammatory queues, leads to the recruitment of acute inflammatory cells or polymorphonuclear leukocytes (PMNs) that play an active role in phagocytizing bacteria and viruses while releasing highly reactive oxidative species (ROS) to destroy invading microbes. However, a delicate balance in regulation of PMN function is crucial in preventing ongoing col lateral damage to the epithelium under intense proinflammatory conditions. Following an inflammatory stimulus, PMNs cross the epithelium into the intestinal lumen in a process known as transepithelial migration. The mechanisms by which neutrophils achieve this is both complex and incompletely understood, although it is becoming increasingly clear that homeostatic tight junction (TJ) signaling is altered during this process (Kucharzik et al. 2001) . Large increases in permeability of the epithelium during intense PMN transmigration enhance the exposure of leukocytes to foreign antigens and increase the severity of inflammation. Damage to the intestinal mucosa along with altered barrier function associated with sustained PMN transepithelial migration has been linked to a number of chronic inflammatory conditions such as ulcerative colitis (UC) and Crohn's disease that are collectively referred to as inflammatory bowel disease (IBD). In fact, a hallmark feature of disease flares in IBD is PMN invasion of the intestinal epithelium leading to crypt abscess formation ( Figure 1 ) and is associated with the release of a variety of proinflammatory cytokines, ROS, and proteases. A result of this The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
The author(s) received the following financial support for the research, authorship, and/or publication of this article: We acknowledge funding grants from the National Institute of Health; DK061379, DK072564, DK079392 and DK007771. dysregulated PMN accumulation and activation is ulceration, loss of mucus, rectal bleeding, and diarrhea (Marks and Segal 2008) . This review highlights recent advances in our understanding of how PMN migration across mucosal epithelia is regulated and the consequences these effects have on epithelial homeostasis. A greater understanding of these events may ultimately provide ideas for new therapeutic strategies designed to mitigate the pathobiology of IBD.
LEUKOCYTE RECRUITMENT AND TRANSMIGRATION ACROSS THE INTESTINAL EPITHELIUM
Neutrophils, or PMNs, are highly mobile cells that circulate in the blood stream and exit blood vessels by moving between endothelial cells (paracellular route). While the details of neutrophil transendothelial migration are more clearly defined, much less is known about the underlying mechanisms regulating neutrophil transepithelial migration. Neutrophils are recruited along chemotactic gradients to the sites of intestinal mucosal infection or injury, which consist of a variety of stimuli that are released by the epithelium, such as hepoxilin A (hepA3), or by intestinal epithelial cells (IECs) and PMNs, as in the case for interleukin 8 (IL-8) and leukotriene B4 (Dias, Wallace, and Parsons 1992; Hammond et al. 1995; Mrsny et al. 2004) . The release of similar chemoattractants by multiple cell types amplifies the intensity of the proinflammatory response and further reinforces leukocyte trafficking and recruitment upon early arrival of PMN. In response to host immune activation, numerous species of microbes have evolved mechanisms that take advantage of the host immune system to gain better access to host tissues or to evade the immune cells. For example, species of invasive Salmonella typhimurium and Shigella secrete peptides and toxins that also elicit or exacerbate PMN recruitment through the production of IL-8 (Lee et al. 2000) . Furthermore, S. typhimurium invasion of IECs induces the activation of ezrin, also called cytovillin or villin-2, and is a protein tyrosine kinase substrate in microvilli that facilitates the apical expression of multidrug resistance-associated protein 2 (MRP2). Interestingly, MRP2 is an efflux pump for the neutrophil chemoattractant hepA3, which is a potent stimulus for transepithelial migration (Pazos et al. 2008) . A number of other luminal agents are known to increase PMN transmigration. For example, studies have shown that bacterially derived n-formylated peptides such as formyl-methionyl-leucyl phenylalanine (fMLF) potently drive transepithelial migration of leukocytes in assay systems using monolayers of IECs cultured on permeable supports . Thus, different environmental and host stimuli generate molecular signaling events that recruit leukocytes to the epithelium, leading to the development of a positive feedback loop that increases the levels of PMN transmigration into the gut lumen.
MOLECULAR BASIS OF LEUKOCYTE TRANSEPITHELIAL MIGRATION
To cross epithelial barriers, PMNs engage the epithelium in complex binding and signaling processes that result in loosening of the barrier and facilitating the passage of neutrophils between the lateral surfaces of epithelial cells (Edens et al. 2002) . In considering the molecular interactions between migrating PMN and the intestinal epithelium, it is important to note that the path of transmigration involves negotiating the paracellular or basolateral space between epithelial cells, which is of considerable length and contains formidable barriers at intercellular junctions composed of extracellular protein complexes that are anchored to the actin cytoskeleton (Anderson and Van Itallie 1995; Madara et al. 1992; . Separating the apical or luminal aspect of IECs from basolateral domains that are in contact with subepithelial tissue or lamina propria is the TJ that is the central controller of epithelial barrier function. Thus, the TJ represents a key regulator of PMN transepithelial migration that must be crossed in order to reach the lumen of the intestine.
Neutrophils that have been recruited from the circulation must first bind to the basal surface of IECs in order to migrate across TJs into the lumen. It is well established that PMNs interact with the basal surface of epithelial cells with beta-2 integrin (CD11b/CD18) expressed at the neutrophil surface Zen et al. 2002) , although the epithelial ligand is not known. However, it has been shown that not all transmigration events are dependent on b-2 integrin, which suggests that multiple binding partners may be involved and is an area of current research (Blake et al. 2004 ). After engaging b-2 integrin and moving into the paracellular space between IECs, CD47, a membrane-spanning glycoprotein expressed on the lateral surface of IECs and on neutrophils, interacts with neutrophil-expressed signal-regulatory proteina (SIRP-a) to control the rate of PMN migration across the epithelium Liu et al. 2005; Parkos, Colgon, Liang, et al. 1996) .
Migration of PMN into the epithelial paracellular space places them in direct contact with desmosomes and adherens junctions containing structural proteins termed catenins and cadherins, which are critical regulators of cell junction formation and stability. Migrating PMN disrupt adherens junctions by releasing the protease elastase that facilitates transmigration (Ginzberg et al. 2001) . A central adherens junction protein that is the target of neutrophil elastase is epithelial (E)-cadherin, which regulates epithelial barrier and homeostasis through the adapter proteins p120-catenin and b-catenin. Indeed, targeted knockout of p120-catenin in the small and large intestine of mice has a dramatic negative effect on intestinal barrier function, causing a substantial infiltration of neutrophils into the gut epithelium, a phenotype that is intriguingly similar to that observed in persons with IBD (Smalley-Freed et al. 2010) .
The maze of TJ proteins that a PMN must next negotiate during transepithelial migration is highly complex, yet little is known about which proteins are adhesion receptors and which serve regulatory roles in this process through signaling functions Madara, Nash, and Parkos 1991; Nusrat et al. 1997; Parkos, Colgon and Madara 1994; Samonte et al. 2004) . One TJ receptor-ligand pair for migrating PMN is epithelial expressed Coxsackie adenovirus receptor (CAR), which binds to PMN-expressed junctional adhesion molecule-like protein (JAM-L; Zen et al. 2005) . Other transmembrane epithelial TJ proteins that are candidate receptors include members of the claudin family, junctional adhesion molecules, and occludin. Many of these proteins not only serve to regulate epithelial barrier but also function as signaling molecules that fine-tune epithelial homeostasis through regulation of cell migration and proliferation.
After crossing TJs, PMN arrive at the apical or luminal surfaces of the epithelium. Interestingly, it is now appreciated that during inflammation, there is upregulation of PMN adhesion molecules on the apical epithelial surface in the gut. One key adhesion molecule that is expressed at very low levels under normal conditions but is dramatically upregulated on the apical surface of IECs after exposure to inflammatory cytokines is intercellular adhesion molecule-1 (ICAM-1; Parkos, Colgon, Diamond et al. 1996) . While this expression pattern would suggest that ICAM-1-based adhesion occurs only after PMN have migrated across the epithelium, recent evidence indicates that such binding events occur and may be functionally relevant. Specifically, there is now a report that ligation of ICAM-1 on the apical epithelial surface results in enhanced wound repair in vitro . Another adhesive interaction at the level of postmigration that is now recognized involves CD44v6. Similar to ICAM-1, the v6 variant of CD44 is only expressed at significant levels on the apical epithelial surface under inflammatory conditions (Brazil et al. 2010) . Here, PMN interactions with this molecule result in the shedding of CD44v6 that is required for migrated PMN to detach from the epithelium. Inhibition of this detachment with specific antibodies results in the accumulation of PMN on the apical surface of the epithelium (Brazil et al. 2010; Brazil, Louis, and Parkos 2013) . In addition, it has been shown that CD55 (also called decay-accelerating factor [DAF]) participates in the process of PMN release from the apical surface (Lawrence et al. 2003; Louis et al. 2005) . These antiadhesive forces are likely to be in direct opposition to the proadhesive forces produced by ICAM-1, thus raising the possibility that the balance of ICAM-1 and DAF/CD44v6 activity might play an important role in crypt abscess formation, which are collections of crypt epithelial-associated PMN. A summary of these steps and the molecules involved in both UC and Crohn's disease are illustrated in Figure 2 .
FUNCTIONAL CONSEQUENCES OF LEUKOCYTE-EPITHELIAL INTERACTIONS
PMNs can affect epithelial barrier function either directly through receptor-ligand interactions or indirectly by the release of paracrine molecules. Naturally, when migrating PMNs cross TJs, there is a physical breach of the barrier that has been shown in many investigations Madara, Nash, and Parkos 1991; Parkos et al. 1992; Parkos, Colgon, and Madara 1994; Parkos et al. 1991 ). In addition, it is now apparent that the physical movement of PMNs through the epithelium initiates a cascade of protein signaling that ultimately leads to increases in permeability (Kucharzik et al. 2001 ) that result in exposure of the underlying lamina propria to luminal foreign antigens and toxins that exacerbate inflammation. Exposure to bacterial antigens activates toll-like receptor (TLR)-mediated signaling that is important in eliminating bacterial infections but can have negative consequences on the surrounding tissue. To counter this, a powerful antimicrobial protein called lipocalin-2, also known as PMN gelatinase-associated lipocalin (NGAL), is produced and released by PMNs and the epithelium, following TLR3 stimulation in IECs (Ostviks et al. 2013 ). This has important consequences as it can aid in bacterial clearance, although increased levels of lipocalin-2 can promote cancer (Rodvold, Mahadevan, and Zanetti 2012) . Lipocalin-2 is now considered a biomarker for disease activity in IBD (Ostviks et al. 2013) .
While direct adhesive interactions between PMN and many TJ proteins have not yet been shown, it is now well established that epithelial inflammation and PMN transepithelial migration are associated with alterations in the expression levels of several TJ proteins which, in turn, have pronounced effects on the barrier and homeostasis. Proinflammatory cytokines such as interferon-gamma (IFN-g) and tumor necrosis factoralpha (TNF-a) that are expressed and released abundantly during IBD, have been shown to have dramatic effects on the internalization of TJ proteins such as occludin, JAM-A, and claudins (Bruewer et al. 2003; Kucharzik et al. 2001 ). As mentioned above, PMNs can also amplify proinflammatory signals and, as an example, in the early stages of PMN transmigration, TNF-a also causes an increase in the expression of ADAM17 (A Disintegrin And Metalloproteinase domain 17, also called tumor necrosis factor-?-converting enzyme) within the epithelium, an enzyme that catalyzes the conversion of TNF-a into its active form (Cesaro et al. 2009 ), thus reinforcing a positive feedback loop. Furthermore, expression of the TJ protein JAM-A is decreased under inflammatory conditions in the intestine and its loss has been shown to result in not only a leaky barrier but also alterations in epithelial cell proliferation and migration (Laukoetter et al. 2007; Mandell et al. 2005; Monteiro et al. 2013; Nava et al. 2011; Severson et al. 2009 ). Additionally, downregulation of occludin expression during PMN transmigration (Kucharzik et al. 2001 ) by proteosomal degradation (Coeffier et al. 2010 ) appears to be mediated FIGURE 2.-Molecular interactions of neutrophils with epithelial cells during transepithelial migration. PMNs are recruited to the intestinal epithelium following extravasation from the local microcirculation. They subsequently migrate across the subepithelial space (lamina propria) and adhere to the basal aspect of IECs through interactions between CD11b/CD18 on neutrophils and fucosylated receptors on the epithelium. PMNs transmigrate across the epithelium in the paracellular space that is facilitated through binding interactions with cell surface receptors and releasing molecules that disrupt the apical junction complex. PMN migration across tight junctions (TJs) is regulated, in part, by interactions between PMNexpressed junctional adhesion molecule like protein (JAML) and coxsackie and adenovirus receptor (CAR). PMN migration across epithelial TJs results in increased permeability and enhanced access of microbes to the subepithelial space. PMN migration across TJs is also associated with the activation of ROS production, TLR signaling cascades, interferon-stimulated genes (ISGs), and the production of inflammatory cytokines. After migration across TJs, PMN interacts with the luminal or apical membrane of IECs via ICAM-1, CD44v6, and CD11b/CD18, resulting in, as of yet, incompletely defined signaling events, in addition to stimulating water efflux by induction of electrogenic Cl À secretion, through the release of 5 0 AMP, which is converted into adenosine by apically localized CD73. PMNs ¼ polymorphonuclear leukocytes; IEC ¼ intestinal epithelial cell; ROS ¼ reactive oxidative species; TLR ¼ toll-like receptor; AMP ¼ adenosine monophosphate; ICAM-1 ¼ intercellular adhesion molecule-1. through IL-18, which results in enhanced paracellular permeability and facilitated PMN migration (Lapointe and Buret 2012) . Thus, while TJs form important physical roles in barrier function, they also play an important role in homeostasis through complex signaling events that can be drastically modified by inflammatory conditions and PMN transmigration.
As highlighted above, PMN migration across epithelial barriers has been shown to have direct and indirect effects on barrier function and epithelial homeostasis. Epithelial barrier, in addition to being regulated by transmembrane TJ proteins, is controlled by tension in an apically associated actin-myosin contractile ring whereby increased contraction results in enhanced permeability. Interestingly, when migrating PMNs interact with the intestinal epithelium, it is now recognized that alterations in permeability occur secondary to signaling events that result in the contraction of the apical actomyosin ring. Regulation of this contractile ring is complex and mediated through phosphorylation of myosin light chain (MLC) by MLC kinase and -associated protein kinase-2 (ROCK-2). Indeed, when PMN receive signals to migrate across the intestinal epithelium, initial contact with the basal epithelial surface results in protease-activated receptor activation and signaling events, generating the phosphorylation of MLC, contraction of the actomyosin ring, increased permeability, and enhanced PMN transepithelial migration (Chin et al. 2008) .
Even after PMNs reach the lumen of the gut, they continue to have potent effects on epithelial function. PMNs release copious amounts of 5 0 adenosine monophosphate (AMP) that are acted on by an apically expressed 5 0 ectonucleotidease termed CD73 that converts it into adenosine. Adenosine is able to activate cyclic adenosine monophosphate (cAMP) pathways in the epithelium, resulting in electrogenic Cl À secretion into the lumen, which is the basis for secretory diarrhea, a significant problem in people with IBD. Thus, while much attention has been drawn to important chemoattractants such as small peptides and bacterial toxins, ion concentration across intestinal barriers also have profound effects on PMN migration and gut homeostasis.
An additional indirect consequence of PMN transmigration in the gut is alteration in gene expression profiles, some of which indefinitely alter gene expression in the gut even after recovery and remission of UC (Planell et al. 2013) . Many of the genes whose expression is altered by the downstream consequences of PMN transmigration encode cytokines or immune response effectors such as IL-8, nuclear factor kappa beta (NF-b), or signal transducer and activator of transcription (STAT) proteins. The altered expression of these genes leads to broad changes in physiology and increased inflammatory responses. A change in the expression of genes encoding TJ proteins has also been documented. For example, the expression of different genes encoding claudin proteins has been shown to occur in different tissues of the gastrointestinal tract, and at different levels, based on the inflammatory condition of IBD patients (Lameris et al. 2013) . Interestingly, microRNA profiles from patients with UC or patients with Crohn's disease have also been shown to be significantly different than healthy controls (Iborra et al. 2013) , indicating that a global change in gene transcription is associated with chronic PMN transmigration. In addition, microRNA regulation of STAT3 is downregulated in the colon of pediatric UC patients, which increases STAT3 protein expression (Koukos et al. 2013) . Thus, the consequences of uncontrolled PMN transepithelial migration can be drastic on gene expression, protein localization, and function, as well as cell and tissue function that ultimately culminate in a disarray of intestinal homeostasis and chronic illness.
PMN EFFECTS ON BARRIER RECOVERY
Despite the deleterious effects of migrating PMNs on barrier function, it is now clear that these innate immune cells also play important roles in barrier recovery. The production of Lipoxin A4, resolvin E1 (which associates with the leukotriene B4 receptor; Arita et al. 2007) , and protectin D1 from PMNs decreases their subsequent recruitment and increases apoptosis (Colgan, Serhan, et al. 1993 Schwab et al. 2007 ). Apoptosis, induced through either necrosis or engulfment by macrophages, is an important process that occurs in order to initiate inflammation resolution, although necrosis can result in the secretion of molecules such as proteases and antiapoptotic cytokines that impact on the epithelium (Ina et al. 1999) . In an experimental model of IBD, treatment with resolvin E1 was found to be beneficial in clearing inflammation through the inhibition of proinflammatory cytokines IL-12 and TNF-a and reducing PMN infiltration (Arita et al. 2005) . Typically in IBD persons, a deficiency of PMNs induced death ultimately leads to a continuation of the PMN-induced positive feedback loops that further the progression of intestinal inflammation (Brannigan et al. 2000) .
Recently it has been shown that PMNs can help restore epithelial barrier homeostasis by enhancing cell proliferation and migration through the release of IL-22 (a member of the IL-10 cytokine family), upon activation with IL-23 (Brand et al. 2006 ). However, the high increase in IL-22 levels, which are observed in Crohn's disease (Schmechel et al. 2008) , does not only come from neutrophils but other immune cells such as natural killer cells. When IL-22 binds to its receptor, STAT3 induction leads to the production of antimicrobial peptides (Brand et al. 2006; Schmechel et al. 2008; Zindl et al. 2013) that have also been shown to provide a degree of protection against colitis in a mouse model (Zindl et al. 2013 ). The complexity of production and function of IL-22 has been recently reviewed and highlights this cytokine as an active area of research in therapeutic intervention for IBD (Mizoguchi 2012) .
PHARMACOLOGICS AND IMMUNE THERAPIES FOR IBD
The complexity of IBD makes targeted therapy a challenge and this is exemplified by the availability of numerous treatments that are often only effective for patient subtypes or certain individuals. Clearly, as the immune response plays a key role in IBD, it is not surprising that the immune system has been the target of numerous pharmacologic agents. For example, infliximab is an anti-TNF-a compound that has been shown to be effective in the treatment of Crohn's disease (Nahar et al. 2003) . Second-generation TNF-a antagonists such as adalimumab and certolizumab pegol have also become available, but not all patients have responded to these treatments (Schmidt et al. 2009 ). Other more general immune suppressants like azathioprine have also been used but with limited effectiveness for treating Crohn's disease (Chande, Tsoulis, and MacDonald 2013; ). However, the prevention of leukocyte trafficking, and thus the downstream consequences of their transmigration through the gut epithelium, seems to be the most ideal target, given the significant contribution this phenomenon has on IBD. Along with b-1 and -7 integrins, the a-4 integrin on leukocytes plays a key role in their trafficking, and recent efforts toward targeting this receptor has produced the a-4 integrin antagonist, GSK223618A, which has showed some promising therapeutic effects on dextran sodium sulfate (DSS)-induced colitis in mice (Murphy et al. 2010) . The a-4 integrin monoclonal antibody natalizumab that blocks leukocyte migration into the tissue has also been used effectively in clinical trials (Schmidt et al. 2009 ). Thus, natalizumab treatment offers promise that PMN transepithelial migration is the underlying factor that causes symptomatic disease and not the recruitment of leukocytes to the epithelium (Kucharzik et al. 2005) .
RESEARCH GAPS AND FUTURE DIRECTIONS
While targeted therapy has proven useful in treating some cases of IBD, many patients still remain unresponsive to therapy. In fact, the majority of cases in IBD do not have a clear link to genetic defects where their etiology is complex and multifactorial. Cases of UC with increased PMN infiltration and lack of response to targeted TNF-a treatment, has proven challenging in preventing ulceration, healing damaged tissue, and promoting resolution of inflamed and damaged tissue. While leukocyte trafficking leads to the symptoms and pathophysiology observed in IBD, the complexity of the disease makes it difficult to demonstrate that this phenomenon is the cause or the likely consequence of immune system dysregulation. Thus, a major obstacle in understanding and treating IBD is the delineation of the multifaceted causes and symptoms of individual IBD cases, along with the use of the appropriately targeted therapy for that individual's IBD profile.
CONCLUDING REMARKS
The integrity of the epithelial barrier and intestinal homeostasis is intricately affected by PMN recruitment into the gut lumen. Precise immune regulation is required to control PMN transepithelial migration into areas of intestinal insult or injury to deliver destructive substances and eliminate infection while causing minimal deleterious effects within the mucosa.
Resolution of inflammation requires destruction of dead PMNs by macrophages and the repair of damaged tissue. A defect in the intrinsic control of PMN transepithelial migration and elimination can ultimately contribute to pathologic inflammatory conditions, as observed in IBD. Thus, aiming therapeutic strategies toward regulating PMN trafficking in the intestine stands to be an important target in treating IBD.
